In order to improve the shift quality of a 2-speed I-AMT
Introduction
At present, pure electric vehicles usually adopt single motor and fixed-ratio transmission in order to reduce the drivetrain size, minimize the cost and also improve the transmission efficiency, however, the performance requirements of the battery and motor are quite high. In order to improve the efficiency of an electric driving system while meeting the requirements of vehicle driveability, EVs can be equipped with multi-ratio transmissions.
As shown in many literatures [1, 2] , a 2-speed transmission system appears to be suitable for pure electric passenger car in consideration of dynamic performance and energy efficiency. It can improve the grade ability at low-speed and the efficiency at high-speed, thereby reducing the design requirements of battery and motor.
As known, traditional Automated Manual Transmission (AMT) always has the problem of torque interruption during gear shifting process because of the disengagement of clutch. In order to alleviate this problem, a shift strategy without using clutch for gear shift of AMT has been proposed [3] . The duration of the torque interruption is decreased, but the torque interruption is not eliminated. In order to compensate the torque interruption, a novel seamless transmission named as I-AMT (Inverse Automated Manual Transmission) has been proposed [2, 4, 5] , which permits seamless gear shifting because of the torque compensation of a rear-mounted clutch.
Gear shift quality requires short shift duration and smooth torque delivery which are often in conflict with each other. Therefore, the clutch engagement process should be properly controlled to reach the balance of smoothness and shift duration. There are a lot of available researches in this area, including Back-stepping technique [6] and Model Predictive Control [7] . Randomized algorithm is used to design an open-loop controller for clutch-to-clutch shift of automatic transmission [8] ; Genetic algorithm [9] is realized to optimize the shift quality of dual clutch transmission; Sliding mode control [10] and Adaptive control [11] are also used to optimize the gear shift control. Besides, a clutch pressure observer is adopted to improve the estimation accuracy for the clutch-to-clutch shift control [12] .
On one hand, the clutch control is often represented as a speed tracking control problem [13, 14] . The speed reference of the clutch is always derived based on experience or real vehicle test results. The reference trajectory of clutch speed difference is in the style of fifth exponential decay in research [15] . And the reference trajectory for clutch output speed is derived based on the optimal control theory which is satisfied in the style of cubic polynomial [16] .
On the other hand, optimization based control algorithm, which uses penalty function to formulate multiple control objectives simultaneously, is also widely used, since the performance of clutch engagement is usually expected to satisfy evaluation indicators such as minimizing the clutch lockup time, minimizing the friction losses and minimizing the vehicle jerk. Researches [17, 18] use Linear Quadratic method, which makes use of the slipping time of clutch and the change rate of clamp force as cost function. Researches [19, 20] uses Dynamic Programming method for clutch control during the gear shifting process of automatic transmission. Optimal control technique was also used for tracking a given reference signal [21, 22] . However, the disadvantage of using optimal control technique is its heavy computation burden of solving a Riccati equation online, which is not suitable for on-line implementation.
Therefore, for the novel 2-speed I-AMT architecture, optimal control is used to generate the reference trajectories of the clutch slip speed and motor torque through off-line calculation, wherein short shift time, small friction loss and small shift shock are considered as the control objectives. Then, the off-line optimization results are fitted and used for on-line implementation. The fitted clutch slipping speed is used as the reference trajectory and the fitted motor torque is used as the feedforward control of the on-line controller. In order to compensate the disturbances and modeling errors, a PID controller is added to ensure the closed-loop control performance. Because the derivation of the feedforward part has considered the simple but dominant system dynamics, it is easy to calibrate the PID parameters for satisfactory control performance. Thus, this proposed controller has the advantage of easy-implementation without losing the performance of optimization.
The rest of the paper is organized as follows. In Section 2, the shift strategy is stated in details. The optimal controller is designed in Section 3. Then in Section 4, a feedforward and feedback controller is designed for online test. The proposed control algorithm is tested and discussed in Section 5. At last, conclusions are given in Section 6.
Power Train and Problem Statement
The structure diagram of the proposed I-AMT drivetrain system of electric vehicle is illustrated in Fig. 1 . This structure is different from traditional AMT, and the transmission is located between the traction motor and clutch, but not behind the clutch, so it is called I-AMT (Inverse Automated Manual Transmission) [23] . The gear shifting process is often divided into torque phase and inertia phase. During the upshift process, firstly, the clutch engages gradually, and the output torque of the traction motor is transferred from synchronizer to clutch, and consequently the torque delivered through the synchronizer is reduced. When it reaches to zero, the synchronizer is disengaged. Then the inertia phase begins, and during the inertia phase, the clutch torque is kept unchanged, while the motor torque is controlled to make the clutch disc track the reference speed until it is locked up. The locking up of the clutch implies the end of the whole shift process.
Transmission Battery
The downshift is approximately regarded as a reverse process of the upshift and it starts from the inertia phase where the speed is synchronized. When the speed of the synchronizer reaches to the target speed (the speed of the 1st drive gear), it is engaged and the inertia phase is finished. Then the torque phase begins, and the torque is transferred from the clutch to the synchronizer until the clutch is disengaged complete.
During the gear shifting process, the coordinated control of clutch, synchronizer and motor is the key to keep the transmission output torque changing smoothly and optimize the clutch friction work. The objectives of gear shifting process are:
• minimizing the jerk (change rate of longitudinal vehicle acceleration); • minimizing the friction work of clutch;
• ensuring the transmission output torque changes smoothly.
In order to keep the transmission output torque change smoothly, it needs precise torque control of the clutch and the motor. And at the end of gear shifting process, the clutch slipping speed should be zero, at the same time, the motor torque should equal to the clutch friction torque, thus reduce the jerk of gear shifting process. The simplified diagram of upshift process in conditions of constant torque demand is illustrated in Fig. 2 . In the torque phase, the motor torque is increased in order to avoid the torque hole of the transmission output torque. In order to keep the transmission output torque change smoothly in the process of gear shift and optimize the friction work of clutch and jerk simultaneously, it is necessary to control the traction motor and the clutch coordinately. In the torque phase, feedforward control of the motor and the clutch can be used to achieve precise control of the transmission output torque. While in the inertia phase, optimal control can be used to optimize the friction work of clutch and shift shock simultaneously.
In the torque phase, based on the dynamic balance equations of driveline, the feedforward control law is obtained, the detailed derivation of which is shown in [23] , and this paper focuses on the inertia phase control, wherein multiobjective optimization is realized by using optimal controller.
Taking upshift process as an example, in the inertia phase, the synchronizer has been disengaged, and the driving torque is delivered through the clutch and the 2nd gear. The dynamic balance equation of the transmission primary shaft is described as follows
The torque balance equation of the driven plate of clutch is
And the dynamic balance equation of the transmission second shaft is
where J 1 , J 2 are the inertia of the primary and second shaft of transmission respectively, J c , J m are the inertia of the motor shaft and the clutch driven disc, ω 2 is speed of the second shaft of transmission, ω m is motor speed, ω c is clutch output speed, T m is motor torque, T c is clutch friction torque, T g2 is the torque from the second gear, T L is resistance torque, c m and c c are damp coefficients, i 2 and i 0 are the gear ratios of the second gear and main reducer. J q is the equivalent inertia moment, J q = (Mr 2 + J w )/i 2 0 , M is the vehicle mass, r is wheel radius, J w is the wheel inertia.
Using the related kinematical relationships ω c = i 2 ω 2 , the dynamic balance equations of the transmission system are rewritten as
where
As the duration of the inertia phase is short, the vehicle longitudinal speed is assumed constant, so the resistive torque of vehicle consists of three parts: the rolling friction torque T f , the aerodynamic drag torque T w and the road slope torque T i .
where f is the road rolling resistance coefficient, g is acceleration of gravity, v is vehicle speed, C D is aerodynamic drag coefficient, A is front area of vehicle, ρ is air density, α is the road grade. During a shift process, the rolling resistance can be regarded as constant, and the change of vehicle velocity and road grade is also small, thus the resistive torque of vehicle T L can be regarded as time-invariant. As define the speed difference of clutch ∆ω=ω m -ω c , the target clutch torque T c0 =βT m max , β is the opening of the accelerator pedal, T m max is the maximum motor torque.
The state variables x and control variables u are chosen as follows.
The driveline motion can be rewritten as:
So the linear state space equation of the system iṡ
Herein, under the premise of constant time interval of gear shift process, to minimize jerk, friction work and ensure transmission output torque changes smoothly. In order to keep the transmission output torque change smoothly, it should keep the clutch friction torque unchanged. And at the end of gear shift, the clutch slipping speed should tend to zero, and the motor torque should equal to the clutch friction torque, thus reduce the jerk of gear shifting process. Therefore, in this paper the optimal control problem can be represented as a limited time state regulator problem, wherein the terminal time is fixed and the terminal state is constrained.
The expression for the clutch friction work is
where t 1 and t f are start and end time of inertia phase. The objective function to be minimized is
where F ∈ R 6×6 , Q ∈ R 6×6 are symmetric positive semidefinite weighting matrices and R ∈ R 2×2 is a symmetric positive definite weighting matrix. The initial and terminal state constraint conditions are
where T c max is the maximum clutch friction torque. Using Hamiltonian approach [24] , we can obtain the control law shown as
where K(t) ∈ R 2×6 is the controller gain, non-negative definite matrix P ∈ R 6×6 is time-varying matrix to be determined by Riccati equation which is listed as follows,
the terminal condition of which is P(t f ) = F. The weighting matrices F, Q, R are chosen to ensure small facing wear and good dynamics performance. In this paper, symmetric matrices F, Q, R are given as the following form.
Therefore, the objective function J can be rewritten as
and from the analysis of physical meanings, it is clear that • f 22 ∆ω(t f ) 2 , q 22 ∆ω 2 force the clutch speed difference to converge to zero;
equal to clutch torque at the end time;
always follow the target value T c0 ; • 2q 24 T c ∆ω minimizes the friction losses;
• r 2Ṫc 2 ensures smooth acceleration of the vehicle, because T c determines the acceleration of the vehicle and the vehicle jerk can be reflected byṪ c . Thus, the requirements of gear shift are taken into consideration directly in the optimal controller, and different driving intentions can be satisfied through adjusting the values of F, Q, R. The parameters used for controller design are shown in Tab. 1. 
where p i j are the elements of matrix P, and r 1,2 are the elements of matrix R.
The controller can be rewritten as the following form
Finally, the block diagram of optimal controller is shown in Fig. 3 . The time interval of the inertia phase is set as 0.35s, and the matrices of F, Q and R are chosen as 
It is shown that q 22 , q 33 and r 2 are especially large. This is because q 22 forces ∆ω to converge to zero, q 33 makes T m converge to T c0 , and r 2 restrict the shift shock/jerk, which are very crucial for successful gear shifting. In the conditions of different acceleration commands, the results of the optimal controller are shown in Fig. 4, Fig. 5 and Fig. 6 .
It can be seen that the clutch friction torque remain almost unchanged during the whole process, and the motor torque equals to the clutch torque at the end time. The clutch speed difference converges to zero at the end time. The requirements of gear shift are well satisfied. The most important is that the motor torque or the clutch slip speed have the same shape respectively in different driving conditions, which inspire us to fit the curves by normalized formula in the next section, and use them in the following on-line implementation. 
On-line Feedforward and Feedback Controller
The optimal controller can solve the multi-objective optimal control problem, but it is complex with a large amount of calculation time. Moreover, modeling error and system disturbance will affect the performance of the optimal controller when it is implemented on a real car.
It is shown from the above section that the designed optimal controller can be used to obtain the optimal trajectory of motor output torque and clutch friction torque, while the clutch friction torque is almost a constant value. Therefore, the key of the optimal control is to find the optimal trajectory of the motor torque.
On the other hand, it is necessary to find the optimal trajectory of clutch slip speed. If we can get the trajectory of the motor torque as feedforward input, and get the trajectory of clutch slip speed as the target value of feedback control, the optimal performance can be achieved.
It can be seen from the off-line calculation results of the optimal controller that the motor torque and clutch speed difference have the same shape respectively in different driving conditions. When they are laid in a normalized scope as shown in Fig. 7 , it's found that these lines are overlapped with each other. The normalized fitting formulas of motor torque and clutch speed difference are shown as follows
It is surprising that the clutch speed difference satisfies a 2nd exponential decay function. In order to achieve the online application, the reference trajectory of the motor torque and the clutch speed difference can also be used as maps for easy implementation, and they are shown as follows
whereT m is the average amplitude of the motor torque in different acceleration commands. The fitted trajectory of the motor torque is used as feedforward input, and the fitted trajectory of the clutch speed difference is used as the target slipping speed of the clutch, which guarante optimal performance of the clutch control system. Because there exists modeling error inevitably, a feedback PID controller is added so that the system is robust against modeling error and parameter uncertainties. The whole controller is shown in Fig. 8 . 
Simulation Results and Discussions
The designed feedforward and feedback controller is tested on a complete power train model. The parameters of the simulation model are shown in Tab. 2.
The powertrain simulation model is established by commercial simulation software AMESim, and the parameters used in this paper represent a typical mid-size passenger car. The constructed model captures the important transient dynamics during gear shift process, such as the drive shaft oscillation and the tire slip. Moreover, sensor noise and sampling time are also considered in the simulation model, which are neglected in the controller design. The sampling time is set as 10ms, and the amplitude of the speed sensor noise is ±5 rpm.
Test for 50% acceleration command
With 50% acceleration command, the simulation results of the proposed controller for upshift are shown in Fig. 9 . For comparison, the results of an existing PID controller, which was introduced in [23] , are also given as Fig. 10 . This PID controller is designed without feedforward control, and the reference trajectory of clutch slip speed takes the form of a 
which satisfies the boundary condition: ω re f (t 1 ) = ∆ω 0 , ω re f (t f ) = 0, andω re f (t 1 ) =ω re f (t f ) = 0. t 1 and t f are respectively the start and end time of the inertia phase. It can be seen from Fig. 9 that the transmission output torque and the longitudinal acceleration a changes smoothly. The clutch speed difference tends to zero at the end time. The vehicle jerk da, namely the change rate of the longitudinal acceleration is used to evaluate the shift shock. Compared to Fig. 10 , the maximum longitudinal jerk is reduced from 9.47m/s 3 to 1.98m/s 3 .
Moreover, in Fig. 9 , the reference trajectories of the motor torque and the clutch slip speed are derived from offline optimization, which assures multiple control objectives, while in Fig. 10 , the cubic polynomial reference trajectory of clutch speed is used only in order to ensure smooth clutch engagement without direct consideration of minimizing the friction work. Thus, the clutch friction loss of Fig. 9 is clearly smaller than that of Fig. 10 . The friction works are shown in Tab. 3, and it is 8750.61J for Fig. 9 , and 10379.1J for Fig. 10 .
The tracking error of clutch slipping speed of the two controller is shown in Fig. 11 . It can be seen that the tracking error of the proposed controller is relatively small, and has smaller fluctuation than that of traditional PID, which verified the control performance of the proposed feedforwardfeedback controller.
It can be seen from the last subplot of Fig. 9 that because of the feedforward part of the control input T m , the feedback PID does not play dominant role in the proposed controller, which allows to use small PID gains.
The PID parameters of the proposed controller are: k p = 0.3; k i = 8; k d = 0.001, while the gains of pure PID control of Fig. 10 improves the robustness against noise. It is also worth noting that, the calibration of the proposed controller is much easier than that of the pure PID controller, because the feedforward part of the proposed controller has considered the simple but dominant system dynamics. Feedforward PID PID Fig. 11 . Simulation results β =50%, M=1500kg, α =0.
Test for Different Acceleration Commands
The simulation results of the 25% and 100% acceleration command are shown in Fig. 12 and Fig. 13 It can be seen that the clutch engages smoothly, the transmission output torque changes smoothly and the jerk is very small. It is also shown that the clutch speed difference tends to zero at the end time, that is to say, the designed feedforward and feedback controller can successfully achieve the control effect of the optimal controller. 
Test for Different Mass and Grade
The proposed controller uses model-based design, and the control performance depends on the accuracy of the used model. It is necessary to test the controller under different driving conditions. Hence, simulation of fully loaded vehicle driving on a slope is carried out, and the results are given in Fig. 14. The variation of the vehicle mass and the road slope results in large modeling errors, and large feedback control of T m is required, which can be seen from the last subplot of Fig. 14 .
Finally, the clutch friction work and maximum jerk of all the above simulation results are given in Tab. 3, and the first two columns illustrate the validity of the proposed controller clearly. 6 Conclusions A seamless gear shifting strategy is proposed for the 2-speed pure electric vehicle.
An optimal controller is designed in order to make the transmission output torque change smoothly and without interruption during the gear shifting process. Through a large amount of off-line simulation tests of the designed optimal controller, it is found that the motor torque and the clutch speed difference have the same profiles respectively in different driving conditions. Based on the off-line calculation results, the fitted trajectory of motor torque is used as the feedforward control of the motor, and the fitted trajectory of clutch slip speed is used as the reference curve (set point) of speed feedback control. The feedback control is carried out by a PID controller, which is added to ensure system robustness against modeling errors and system disturbances.
Moreover, the calibration of the proposed controller is much easier than that of pure PID controller, because the feedforward part of the proposed controller considered the simple but dominant system dynamics.
The control algorithm is confirmed through a large amount of tests on a complete power train simulation model. The designed controller works very well even with large variation of vehicle mass and road grade. It's worth noting that only simulation test is not enough, and test-bed or real-car experiments will be necessary to make thorough validation of the proposed optimal controller, which will be an important task in our future work.
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